Abstract: The charge density analysis of meloxicam sodium monohydrate [sodium 4-hydroxy-2-methyl-N-(5-methyl-1,3-thiazol-2-yl)-1,1-dioxo-1$l^{6},2-benzothiazine-3-carboxamide monohydrate] was performed with high-resolution X-ray diffraction data measured at low temperature (90 K). The experimental results were compared with those derived from the corresponding periodic theoretical calculations at the B3LYP/6-31G** level of theory. The multipolar charge-density analysis highlights the regions of meloxicam which are the most electronegative. These regions correspond to those forming short electrostatic interactions with the Na + cation. The molecular conformation in the crystal is maintained by a strong intramolecular N−H … O=C hydrogen bond. The Na + cation interacts with as much as five neighboring oxygen atoms. The strong hydrogen bonds N/O−H … O/N, the Na … O short contacts and hydrophobic aromatic stacking between the two aromatic cycles constitute the most represented and enriched contact types and act as the driving force in the crystal packing formation. The crystal packing presents several meloxicam anion dimers but also one Na+ … Na+ repulsive interactions which are largely compensated by the electrostatic favorable attractions between anions and cations.
peculiar effect of meloxicam was reflected from the inhibition with COX-2 over COX-1 at low therapeutic doses. [1] In the effective treatment of osteoarthritis, meloxicam has been utilized since 2000. [2, 3] Commonly the NSAIDs are useful in treating the inflammation and pain associated with rheumatic diseases. [4] As the chemical structures of NSAIDs are different from steroidal drugs, the term "non-steroidal" is used and they possess antiinflammatory activity. [5] In a wide range, NSAIDs are inhibitors of prostaglandin H synthane also known as cyclooxygenase (COX). The identified two COX isoenzymes COX-1 and COX-2 are present in all tissues, cell types, especially platelets, endothelial cells, renal micro vasculature, glomerulus and collecting ducts. Moreover, the COX-1 protein is responsible for the production of prostaglandins that are essential for homeostatic activities whereas COX-2 is considered as an inducible iso-enzyme and also takes a major role in pain and inflammatory processes.
Some NSAIDs such as aspirin, ketoprofen, indomethacin, piroxicam, sulindar are mainly selective for COX-1 and some such as ibuprofen, naproxen, diclofenac are slightly selective for COX-1 and some like etadolac, nabumentone and meloxicam are slightly selective for COX-2 and some like celecoxib and rofecoxib are primarily selective for COX-2.
Notably, meloxicam has a weak effect on gastric acid secretion and on ulceration in rat stomach when it is compared with other NSAIDs. Meloxicam exhibits preferential inhibition of COX-2 over COX-1 with good gastric and renal tolerability. It has less photo toxicity than diclofenac, lectoprofen and naproxen. It also shows a high potency in animal tests for potential anti-arthritic action and anti-inflammatory activity along with reduced gastric irritation and local tissue irritation compared to other NSAID drugs.
Meloxicam has a good bio-availability (89 %) and very low oral toxicity of high doses. On satisfying the Lipinski rule of five parameters, the meloxicam sodium monohydrate salt proves itself as an effective drug. The molecular properties such as log P = 2.24, molecular weight = 351.41 g/mol, seven hydrogen bond donors, two hydrogen bond acceptors and two rotatable bonds were strongly associated with the solubility and permeability.
In this work, the experimental electron density of the meloxicam sodium monohydrate has been carried out with high-resolution X-ray data collection at 90 K. The bonding details, topological, enrichment contacts, electrostatic properties and quantum chemical properties have been calculated to retrieve the intricate details of the molecule at subatomic level and interactions in the crystal packing.
MATERIALS AND METHODS

Crystallization
Crystals of meloxicam sodium monohydrate were grown by slow evaporation from a saturated aqueous and methanol solution at room temperature. A high quality single crystal was selected for high resolution X-ray diffraction intensity measurements.
X-ray Data Collection and Structure Solution
Single-crystal X-ray high-resolution and highly redundant data collection of meloxicam sodium monohydrate compound was performed on a Rigaku Micro Max-HF rotating anode diffractometer equipped with a Pilatus 200K hybrid pixel detector using MoKα radiation. The data collection was carried out at 90(2) K under a stream of nitrogen using the Oxford 700 Plus Cryo-systems gas flow apparatus. Data reduction and absorption correction were performed using the CrysAlisPro 1.171.39.12f package, [6] the internal R(I) factor was 4.4 % for all reflections. The crystal was mounted using a capton micro-loop. A high resolution data set was collected upto (sin ϑ / λ)max = 1.2 Å −1 , the completeness being 98 % at sin ϑ / λ = 1.11 Å −1 . The unit cell parameters refinement, data reduction and absorption correction have been carried out using 1.171.39.12f package. [6] For data averaging the program XPREP Version 2014/02 has been used. [7] Molecular graphics has been computed using Olex2. [8] The structure has been solved with the SIR2014, [9] structure solution program using VLD algorithm and refined with the ShelXTL Version 2014/7 [10] under the ShelXle interface. [11] Further details of crystal data and measurement conditions are given in Table 1 .
Multipolar Experimental Refinement
The experimental electron density distribution was performed with the help of multipolar atom formalism [12] incorporated in the MoPro Software [13] which has been utilized to estimate the electron density distribution of small molecules from high resolution X-ray single crystal diffraction data.
The core and valence spherical scattering factors were calculated using the wave functions for isolated atoms from Su and Coppens [14] and the anomalous dispersion coefficients were taken from Kissel et al. [15] The charge density was refined against diffraction intensities truncated at s < 1.2 Å −1 . For the H atoms, the values of anisotropic Uij thermal parameters were fixed to those obtained from the SHADE3 server. [16] The H−X distances of H atoms were restrained to the values obtained from neutron diffraction studies [17] with a restraint sigma σd of 0.01 Å. Distance X−H similarity restraints were also applied to chemically equivalent groups.
The S atoms were treated up to hexadecapole level, the C,N,O atoms up to octapole level, the H atoms with one dipole among H−X bond, while the Na cation was set to monopolar with a charge of +1e.
For the water molecule, local symmetry constraint was applied to the multipoles of the oxygen atom and the two H atoms were set equivalent. The charge density of the water atoms was restrained (σr = 0.01) to that of the ELMAM2 databank. [18] The hydrogen atoms of water molecule were set isotropic with Uiso=1.5Ueq(O) riding on the equivalent B-factor of the oxygen atom.
For the non-H atom, enhanced rigid-bond restraints [19] were applied on the anisotropic thermal parameters. Expansion/contraction coefficients κ and κ' of H atoms were restrained to be similar (σ = 0.001). Chemical equivalence and local symmetry restraints were applied on atoms with highest thermal motion (O1 ≈ O2, CH3 groups). The different structural and charge density parameters were refined iteratively till convergence.
In order to ensure the neutrality of the molecule during the refinement, the electro-neutrality constraint was applied through the refinement. The correctness of the model was confirmed by the featureless residual density map which was generated by the VMoPro module. The bond-topological properties such as electron density, the Laplacian of the electron density, the bond ellipticity and the atomic charges were estimated by VMoPro. The variation of scale factor Σ(Fo 2 ) / Σ(Fc 2 ), with respect to resolution for the meloxicam sodium monohydrate molecule is given in Sup. Figure 1 . The normal probability plot of Fo 2 -Fc 2 and the evolution of <Fo 2 >/<Fc 2 > as a function of reciprocal resolution obtained from program DRKplot [20] are shown in Supplementary materials (Supplementary Figure 2) . The fractal dimension vs. Fourier residual electron density Fo-Fc using all reflections map is shown in Supplementary Figure 3 . 
Theoretical Calculations
On the basis of Kohn-Sham [21, 22, 23] wave-functions, the analysis of the molecule meloxicam sodium monohydrate had been done. The minimum energy structure and corresponding electronic wave functions of the molecule meloxicam sodium monohydrate had been obtained using the Kohn-Sham computations followed by geometry optimization incorporating the B3LYP/6-311G++(d,p) [24, 25] level of theory. The software GAUSSIAN09 package [26] was utilized for this purpose. The absence of imaginary frequencies confirmed that they correspond to real minima. The electronic wave functions had been generated from GAUSSIAN09 which served as the input for the AIMALL program [27] in order to explore the bond topological and electrostatic features at the bond critical point.
RESULTS AND DISCUSSION
Structure Description
The crystal structure of meloxicam sodium monohydrate at 90(2) K obtained in this study (Figure 1 ), agrees well with the equivalent structure obtained at room temperature. [28] The experimental bond lengths, angles and torsion angles are given in the supplementary tables. The N3 atom belongs to a flat five-membered ring geometry [C11−N3−C12 = 110.03 °(2)]. N3 atom forms two covalent bonds with C11 and C12 atoms leaving lone pairs in the sp 2 plane. The lengths of N−C bonds show the occurrence of resonance or delocalization among the bonds. However, the N1−C1 bond is longer than other N−C bonds at d = 1.445(2) Å as C1 and N1 atom are both in sp 3 hybridization. The N1 atom has a tetrahedral geometry but the three angles S1−N1−C9 > C1−N1−C9 > S1−N1−C1 = 113.997(10) ° are all greater than the ideal value of 109 °. Both C=O bonds enunciate a double bond character and they have lengths of C10−O4 = 1.2499(2) Å and C2−O3 = 1.2691(2) Å.
The compound bears a SO2 group; the geometry associated with the S1 atom is tetrahedral and the hybridization connected with the S1 atom is sp 3 . The smallest and largest angles involving the S atom are C11−S2−C13 = 89.745(10) ° and O1−S1−O2 = 118.23(2) °.
The O4−C10−N2 angle in the amide planar part is calculated as 120.773(13) ° which suggests a trigonal planar geometry and the sp 2 hybridization state for the corresponding central carbon atom C10.
Packing and Interactions
The packing of the molecule is mainly stabilized by contacts In Table 3 , the contact types on the Hirshfeld surface and their enrichment are displayed. The contact enrichment (Exy = Cxy /Rxy) is the ratio between actual contacts and equiprobable (random) contacts which are computed from the surface composition. [33] The Hirshfeld surface was generated around meloxicam, Na + and HOH moieties not in contact with each other in the crystal in order to obtain three integral surfaces. The hydrophobic atoms C and Hc (H bound to C) represent more than half of the global Hirshfeld surface at 53.8 % while Hc atoms occupy nearly a third of the surface. 
Charge Density and Topology of the Covalent Bonds
The featureless Fourier residual density map drawn at resolution 0.42 Å < d < 7.69 Å in the benzene ring plane shows the quality of the data as well as the efficiency of the multipole model (Supplementary Figure 4) . The static deformation density maps for the planes C11−S2−C13 and O1−S1−O2 in Figure 5 clearly shows the bonding regions as well as the lone pairs of O1 and O2 atoms. The three dimensional static defor-mation density maps of meloxicam sodium monohydrate are shown in Figure 6 . The Laplacian maps (Figure 7) shows the charge concentration and depletion regions for the planes C11−S2−C13 and O1−S1−O2. The topological properties of covalent bonds are tabulated in Table 4 as well as in the supplementary tables. As seen in the molecules such as rhodanine and 2,4-thiazolidinedione [34] the S1−O1 and S1−O2 bonds show positive Laplacian values (9.06 e /Å 5 and 4.93 e /Å 5 ) at the bond CPs typically. The electron density values are however high (2.26 e/ Å 3 and 2.31e/ Å 3 ). Among the N−C bonds, the N3−C11 bond shows the highest Laplacian values (−25.0 e/Å 5 ) and has the shortest length d = 1.3089(3) Å; it shows the highest concentration of charges along the bond path as well as the shared shell interaction. 
Topology of Intermolecular Interactions
A detailed topological analysis of the hydrogen bonding interaction and other Na•••O interactions has been carried out in order to elucidate the nature and strength of the interactions which are found useful in molecular recognition. [35, 36] The critical points of the strongest interactions in the crystal are shown in Table 5 . All the five Na•••O interactions are shorter 2.64 Å which is more than one angstrom shorter than the sum of van der Waals radii (2.27 + 1.52 = 3.79 Å). The Na•••O distances are on the other hand close to the sum of covalent radii (1.66 + 0.66 = 2.32 Å). The Na + cation forms the shortest ionic bridges with the two carbonyl C=O atoms resulting in similar topological properties. More detailed information regarding the relationship between the kinetic energy density Gcp and potential energy density Vcp had been retrieved from the local 
C12−N3 Table 5 . Topological properties at the critical points of the main intermolecular interactions. Electron density, Laplacian, Gcp and Vcp are the kinetic and potential energy density at the CP in kJ/mol/Bohr 3
Interactions kinetic energy density at the bond crtitial point (bcp) using Virial theorem [37, 38] . The positive Laplacian values
show the closed shell type of interactions [39] . Among all the contacts, the OW−H1W 
Atomic Charges
The experimental charges are derived from the basin atomic integration using VMoPro module [13] which are compared with the theoretically charges through AIM analysis. A good agreement is found between experimental and theoretical charges. The sulfur atom S1 bears the largest positive charge (EXP: 2.952 e, THEO: 3.06 e) since it is attached to the most electronegative O1 and O2 atoms [O1, EXP: −1.351 e, THEO: −1.34 e; O2, EXP: −1.389 e, THEO: −1.31 e) (Table 6 ). Notably, the bond S1−O2, which is formed by the most electronegative O2 atom and the most electropositive S1 atom, is more polarized compared to the S1−O1 bond. The methyl group (CH3) which is attached to the electron withdrawing N1 atom has more positive charge (+0.383 e) than the methyl group (0.212 e) which is attached to the C13 atom.
Electrostatic Potential and Reactivity Properties
The molecular electrostatic potential (MEP), is computed directly from the multipolar model using VMoPro tool with the help of the equation relating the electron density. The MEP isosurface at the 0.001 e /Å 3 level of the electron density is shown in Figure 8 . The O1 and O2 atoms are encapsulated with negative region (red in color) which is the most favorable site for electrophilic attack with the amino acid residues of the target protein.
The reactivity properties have been calculated from the gas phase calculation for the isolated molecule of meloxicam and meloxicam sodium monohydrate. The comparison of the reactivity properties of the meloxicam sodium monohydrate with its parent compound meloxicam shows that the salt monohydrate has more softness value than the pure compound. The comparison of reactivity properties of meloxicam and meloxicam sodium monohydrate have been given in Table 7 . The energy gap of meloxicam sodium is comparatively lower (−0.099 a.u.) when it is compared to the energy gap of meloxicam 
Electrostatic Interaction Energy
The electrostatic interaction energies in the meloxicam sodium monohydrate crystal between neighboring moieties have been carried out (Table 8) . Among the contacts, three different intermolecular contacts between the meloxicam anion (M) and the Na + anion are found with strong energies in the range -334 to −502 kJ/mol. In the strongest M•••Na + attractive electrostatic interaction, the sodium cation is in the vicinity of the SO2 group and of the N1 tetragonal non-protonated nitrogen atom. In the two other M•••Na + interactions, the sodium cation is close to the C=O carbonyl groups. The shortest distance between two Na + atoms is 3. 
CONCLUSION
In this study, the charge density study of the antiinflammatory drug meloxicam was determined from high resolution diffraction experiment at 90 K and is compared with the theoretical calculations for the gas phase of the molecule. The Hirshfeld surface analysis reveals that the ionic interactions O•••Na + , the strong hydrogen bonds O•••Ho/n and the hydrophobic contacts are the prime contributors to the crystal packing and are the most favored. The bond C10−O4 has the highest electron density value at the critical point which shows its strength among all the bonds. The sulfur atom has the largest positive charge because of its bonding with the two most electronegative O1 and O2 atoms, which enunciates that the bonds are highly polarized. The O1 and O2 atoms are Supplementary Information. Supporting information to the paper is attached to the electronic version of the article at: http://doi.org/10.5562/cca3346. 
